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ABSTRACT 

We present far-ultraviolet (FUV) spectroscopy obtained with the Hubble Space Telescope (HST) for 48 blue 
objects in the core of 47 Tuc. Based on their position in a FUV-optical colour-magnitude diagram, these were 
expected to include cataclysmic variables (CVs), blue stragglers (BSs), white dwarfs (WDs) and other exotic 
objects. For a subset of these sources, we also construct broad-band, FUV through near-infrared spectral energy 
distributions. Based on our analysis of this extensive data set, we report the following main results. (1) We 
detect emission lines in three previously known or suspected CVs and thus spectroscopically confirm the status 
of these systems. We also detect new dwarf nova eruptions in two of these CVs. (2) Only one other source 
in our spectroscopic sample exhibits marginal evidence for line emission. Thus CVs are not the only class of 
objects found in the gap between the WD and main sequences, nor are they common amongst objects near 
the top of the WD cooling sequence. Nevertheless, predicted and observed numbers of CV agree to within a 
factor of about 2-3. (3) We have discovered a hot (Tc/f 2± 8700 K), low-mass (M ~ 0.05 Mq) secondary star 
in a previously known 0.8 d binary system. This exotic object completely dominates the binary's FUV-NIR 
output and is probably the remnant of a subgiant that has been stripped of its envelope. Since this object must 
be in a short-lived evolutionary state, it may represent the "smoking gun" of a recent dynamical encounter (4) 
We have found a Helium WD, only the second such object to be optically detected in 47 Tuc, and the first 
outside a millisecond pulsar system. (5) We have discovered a bright BS with a young WD companion, the 
only BS-WD binary known in any GC. (6) We have found two additional candidate WD binary systems, one 
containing a MS companion, the other containing a subgiant. (7) We estimate the WD binary fraction in the 
core of 47 Tuc to be 15% (stat) '^i^'^^ (sys). (8) The mass of the optically brightest BS in our sample may 
exceed twice the cluster turn-off mass, but the uncertainties are too large for this to be conclusive. Thus there is 
still no definitive example of such a "supermassive" BS in any GC. Taken as a whole, our study illustrates the 
wide range of stellar exotica that are lurking in the cores of GCs, most of which are likely to have undergone 
significant dynamical encounters. 

Subject headings: globular clusters: individual(NGC 104) — blue stragglers — novae, cataclysmic variables 
— white dwarfs - binaries: close — ultraviolet: stars — techniques: spectroscopic 



1. INTRODUCTION 

Globular clusters (GCs) harbour an impressive array of ex- 
otic stellar populations, such as blue stragglers (BSs), mil- 
lisecond pulsars (MSPs), X-ray binaries (XRBs), cataclysmic 
variables (CVs) and Helium white dwarfs (He WDs). The 
sizes of these populations can be significantly enhanced in 
GCs, relative to the Galactic field. This is a direct result of 
the high stellar densities encountered in GC cores (up to at 
least IO^MqPC""*). In such extreme environments, dynamical 
interactions between cluster members occur rather frequently, 
which opens up new and efficient production channels for vir- 

' Based on observations made with the NASA/ESA Hubble Space Tele- 
scope, obtained at the Space Telescope Science Institute, which is operated 
by the Association of Universities for Research in Astronomy, Inc., under 
NASA contract NAS 5-26555. 



tually all types of "stellar exotica." Thus GCs are excellent 
laboratories for studying these otherwise extremely rare ob- 
jects (Maccarone & Knigge 2007). 

This argument can also be turned around. Since exotic stel- 
lar populations in GCs are preferentially produced by dynam- 
ical interactions, they can be used as tracers of a GCs dynam- 
ical state. For example, the number of faint X-ray sources in 
GCs has been shown to correlate well with the predicted stel- 
lar encounter rate (Pooley et al. 2003; Heinke et al. 2003a; 
Gendre, BaiTet & Webb 2003a; Pooley & Hut 2006), and 
deviations from this relationship can be related to specific 
dynamically-relevant factors (e.g. the highly elliptical orbit 
of NGC 6397; see Pooley et al. 2003). 

However, exotic stellar populations are not merely passive 
tracers of GC evolution. Instead, most of these populations 
are composed of close binaries that actively drive the evolu- 
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tion of their host clusters towards evaporation. Both primor- 
dial and dynamically-formed close binaries can be thought 
of as heat sources in this context: in successive dynamical 
encounters with passing single stars, close binaries tend to 
give up gravitational binding energy to their interaction part- 
ners, and hence to their parent cluster as a whole. The bina- 
ries themselves become increasingly tight in the process (i.e. 
they "harden"). Thus stellar exotica in GCs are not merely 
formed dynamically, but are part of the central feedback loop 
that links the dynamical evolution of a GC to the formation 
and evolution of its close binary population (e.g. Hut et al. 
1992 [Section 3.1.3]; Shara & Hurley 2006; Hurley, Aarseth 
& Shara 2007). 

Even though exotic stellar populations are abundant in GCs 
compared to the Galactic field, they still represent only a small 
fraction of the total number of stars in any cluster Thus even 
in GCs, finding and characterizing these populations is a chal- 
lenging task. One useful feature common to most members 
of these populations is that their spectral energy distributions 
(SEDs) tend to be "bluer" than those of ordinary stars (i.e. 
a larger fraction of their radiation is emitted at higher fre- 
quencies). This can be exploited. For example, deep X-ray 
surveys have turned out to be a powerful method for locat- 
ing XRBs and CVs in GCs (e.g. Grindlay et al. 2001ab; 
Pooley et al. 2002; Heinke et al. 2003b; Gendre, Barret & 
Webb 2003b; Heinke et al. 2005; Webb, Wheadey & Bar- 
ret 2006). Similarly, far-ultraviolet (FUV) surveys of GCs are 
sensitive to an even wider range of "hot" exotic populations, 
while still avoiding the crowding problems associated with 
optical searches (e.g. Ferraro et al. 2001; Knigge et al. 2002 
[hereafter Paper I]; Dieball et al. 2005a; Dieball et al. 2007). 
However, the detection of X-ray emission and/or FUV excess 
is usually not enough to yield a unique source classification. 
Thus additional information - ideally based on spectroscopic 
observations - is required for a full census of the exotic stellar 
populations in GCs. 

Here, we present FUV spectroscopy obtained with the 
Hubble Space Telescope (HST) of 48 FUV-excess sources 
in the core of 47 Tuc. Based mainly on their position 
in a FUV/optical colour-magnitude diagram (CMD), these 
sources are expected to include BSs, CVs and young WDs 
(Paper I). We find examples of all of these classes in our spec- 
troscopy, along with unexpected discoveries of even more ex- 
otic objects. In Section 2, we describe the observations we 
use in our study, along with our data reduction and analysis 
methods. We also highlight the positions of our spectroscopic 
targets in the CMD and present proper motion-based mem- 
bership information for a subset of sources. In Section 3, we 
present an overview of all the individual spectra and assess the 
overall relationship between CMD position and spectroscopic 
classification. The heart of this paper is Section 4, where we 
take a detailed look at the most interesting sources. We also 
construct global FUV through near-infrared (NIR) SEDs for 
these objects and use joint fits to the spectroscopic and SED 
data to determine their nature. In Section 5, we discuss some 
of the wider implications of our work and estimate the WD bi- 
nary fraction in 47 Tuc. Finally, in Section 6, we summarize 
our main results and conclusions. 

2. OBSERVATIONS AND DATA ANALYSIS 

2.1. Far- Ultraviolet Imaging and Slitless Spectroscopy 

We have carried out a deep spectrosopic and photometric 
survey of 47 Tuc in the FUV waveband. In total, we ob- 
tained 30 orbits of HST/STIS observations for our program 



(GO-8279), split into 6 epochs of 5 orbits each. Imaging ex- 
posures were obtained at the beginning and end of each epoch, 
with the rest of the time being spent on slitless spectroscopy. 
Exposure times were typically 600 s for both imaging and 
spectroscopy. In total, we obtained approximately 14,600 s of 
FUV imaging and 82,200 s of slitl<ess spectroscopy. 

All of the observations used the FUV-MAMA detectors, 
together with the F25QTZ filter. This filter blocks geo- 
coronal Ly a Ol 1304 A and Ol] 1356 A emission, which 
would otherwise produce an unacceptably high background 
in our slitless spectral images. The resulting photometric 
bandpass is strongly asymmetric, with peak transmission at 
about 1487 A, just above the sharp cut-off around 1450 A; 
the pivot wavelength is 1595 A, and the full-width at half- 
maximum is 229 A. The 1 024 x 1024 pixel FUV-MAMA de- 
tectors cover a field of view of about 25" x25" (corresponding 
to about 1/3 of 47 Tuc's core) with a spatial sampling of about 
24.5 mas pix"' . 

The data reduction and analysis steps carried out for the di- 
rect images - which include the construction of a combined 
master image, as well as source detection and photometry - 
have already been described in Paper I. We will use the re- 
sulting FUV source catalogue throughout this paper, except 
for three small changes and additions. First, in Paper I, we re- 
stricted our attention to the spatial area common to all direct 
images. Even though the spatial shifts between images taken 
in different epochs are quite small, this restriction removed 
one bright FUV source for which we now have a high-quality 
spectrum. We have therefore added this source - Star 999 in 
the notation adopted below - to the photometric catalogue. 
Second, we have applied a small (0.086 mag) correction to 
the FUV magnitudes obtained in Paper I in order to account 
for the sensititivity loss of the FUV-MAMA detectors at the 
time of the observations. This correction was not available 
at the time of Paper I's publication. Third, as described in 
Kjiigge et al. (2006), we have applied distortion and bore- 
sight corrections to the FUV source positions. The boresight 
correction is designed to put our equatorial coordinates into 
the absolute astrometric frame defined by the Chandra source 
positions listed in Heinke et al. (2005). 

Our slitless FUV spectroscopy was carried out with the 
G140L grating, which provides a dispersion of 0.584 A pix"' 
and a spectral resolution of about 1 .2 A. This set-up can cover 
a spectral range of roughly 1450 A - 1800 A. However, note 
that in slitless observations, the actual wavelength range cov- 
ered for each source depends on its spatial position on the de- 
tector Since the observatory software automatically applied 
a spatial offset to all spectroscopic observations, the effective 
field of view for the spectral images was only about 85% of 
the field available in the direct images. 

Figure [T] shows the co-added direct and spectral images 
side-by-side. This figure illustrates the high efficiency of the 
slitless approach, but also the technical challenges it poses. 
By moving to the FUV waveband, we can drastically reduce 
the crowding that plagues optical images, since the vast ma- 
jority of "normal" cluster members are simply not hot enough 
to produce appreciable amounts of FUV flux (see Figure 1 in 
Paper I for a graphic illustration of this effect). As a result, 
multi-object slitless spectroscopy of dense GC cores becomes 
feasible in the FUV and provides an efficient technique for de- 
termining the nature of exotic stellar populations. However, 
extracting single-source spectra from slitless spectral images 
like that shown in Figure [T] is not a trivial task. Part of the 
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Fig. 1 . — Left Panel: The direct FUV image of a rouglily 26" x23" region in the core of 47 Tucanae. Sources bright enough to be included in the spectral 
extraction are circled and labelled with a spectroscopic identification number. The cross marks the approximate position of the cluster center (Guhathakurta et 
al. 1992). Essentially all of this image is inside the Rc = 24" core radius of the cluster (Howell, Guhathakurta & Gillilan 2000). Right Panel: The slitless FUV 
spectral image of the same region. Each trail in the image is the dispersed spectrum of a bright FUV source. Note the obvious emission lines in the spectrum of 
the brightest source (Star 1 = AKO 9; c.f. Knigge et al. 2003). 



difficulty stems from the fact that the spatial and spectral di- 
mensions are not independent. However, the more important 
problem is the blending of sources in the spectral image. 

We deal with these technical challenges by using the MUL- 
TISPEC software package, which has been specifically de- 
signed to facilitate the extraction of single-source spectra 
from multi-object slitless spectral images (Mafz-Apellaniz 
2005, 2007). Briefly, MULTISPEC uses the position, bright- 
ness and colour of each source (as determined from direct im- 
ages of the field) to generate an initial estimate of its spectrum. 



Next, all of these estimates are combined to construct a com- 
plete synthetic spectral image that can be directly compared 
(in a sense) to the actual spectral image. The initial esti- 
mates of the individual spectra are then iteratively optimized 
until the best possible match between synthetic and real spec- 
tral images has been achieved. 

A few points are worth noting regarding this process. First, 
a key factor in the construction of the synthetic spectral im- 
age from the individual spectra is the wavelength-dependent 
cross-dispersion profile (CDP). This is effectively the point 
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Fig. 2. — A comparison of spectroscopically and photometrically esti- 
mated FUV magnitudes for several bright FUV sources (see text for details). 
The photometric magnitudes include the 0.086 mag connection for the time- 
dependent sensitivity loss of the FUV-MAMA detectors (see Section \2A\ . 
Colours mark different source types, based on the photometric classification 
scheme shown in Figure |3] and described in Section 123] Gap objects are 
shown in blue, white dwarfs in red, blue stragglers in green, and sources with- 
out optical counterparts in cyan. The solid black line corresponds to x = y, the 
dashed black line coiresponds to the best-fitting line of slope unity to all data 
points except the blue stragglers. The v-intercept of this line is -0.089 mag. 

spread function (PSF) perpendicular to the dispersion direc- 
tion in the spectral image. We derived the CDP for our in- 
strumental set-up from calibration observations in the HST 
archive. Second, blending is self-consistently accounted for 
in the extraction, since an arbitrary number of sources can 
contribute to any given pixel in the synthetic spectral image. 
Third, the extraction process also allows for a smoothly vary- 
ing global detector background, which is iteratively estimated 
from the residuals between real and synthetic spectral images. 
Fourth, we extract source spectra separately for each epoch. 
This avoids any problems associated with the slight spatial 
offsets between the spectral images for each epoch. Our fi- 
nal spectrum for each source is then the exposure-weighted 
average of the optimized single-epoch spectra. 

The extracted source spectra will be good approximations 
to the true source spectra, as long as (i) the CDP is sufficiently 
accurate, (ii) the input source catalogue is sufficiently accu- 
rate and complete, and (iii) blending is not too severe. All 
of these conditions imply that there is a limit to the ability of 
the algorithm in extracting spectra for faint objects that are 
heavily blended with one or more bright objects. In this sit- 
uation, even very slight errors in the extraction of the bright 
source spectra can lead to large systematic errors in the ex- 
tracted faint source spectra. 

In order to flag areas of a spectrum that might be com- 
promised by severe blending, we calculate a wavelength- 
dependent "blend ratio" for each extracted source. This is 
defined as the ratio of counts from the source itself to the 
counts produced by all other extracted objects, as estimated 
at the peak of the source CDP. We stress that this blend ratio 
is no panacea. In particular, since our estimate of it is nec- 
essarily based on the extracted source spectra, it can itself be 
affected by blending. For example, if the flux of a faint source 
has been overestimated due to blending, the blend ratio asso- 
ciated with that source will be underestimated. Nevertheless, 



the blend ratio does provide an extremely useful, if qualita- 
tive, measure of the wavelength-dependent reliability of each 
source spectrum. As a rule of thumb, blending is not a seri- 
ous issue whenever the blend ratio is <0.1, whereas spectral 
regions with blend ratios ^ 1 may be severely compromised. 

In order to test our spectral extraction method, we 
have folded the extracted spectra of several bright FUV 
sources with particularly good spectral coverage through 
flie STIS/FUV-MAMA/F25QTZ photometric response 
curve. This was done with the SYNPHOT package within 
IRAF/STSDAS and yielded spectroscopic estimates of the 
FUV magnitudes for these sources. These could be directly 
compared to the photometric magnitudes, as shown in Fig- 
ure |2] The agreement between spectroscopic and photometric 
estimates is generally quite good, except for the 3 BSs in 
the sample. These generally have spectroscopic magnitudes 
that are systematically fainter than the photometric ones, 
by 0.2 mag - 0.3 mag. This disagreement is actually to be 
expected, since we can only extract spectra out to 1800 A. 
Beyond this, the throughput drops dramatically and is not 
well calibrated. However, the FUV spectra of BSs ris e ex - 
tremely steeply towards longer wavelengths (see Section [J!2] i. 
and the FUV-MAMA/F25QZ photometric bandpass does 
retain some slight sensitivity there. Thus wavelengths beyond 
our spectrosopic cut-off contribute non-negligibly for the 
BSs. For the other sources, photometric and spectroscopic 
estimates agree quite well. The rms scatter is only about 
0. 1 mag, which is acceptable, especially considering that our 
sample includes known variables (such as the CVs AKO 9, 
VI and V2; see Section 13.11 below). There is marginal 
evidence for a slight offset of 0.089 mag (in the sense of the 
spectroscopic estimates being brighter), so we apply this as a 
uniform correction to all of our extracted spectra. 

In total, 77 FUV sources were included in the spectral ex- 
traction process and are highlighted in Figure [T] Useful spec- 
tra could be obtained for 48 of these sources, and these are 
listed in Table[T]along with their basic properties. 

2.2. Optical Imaging 

The FUV-optical CMD presented in Paper I served as a 
starting point in the classification of our spectroscopic tar- 
gets (see Section O. The optical photometry for this CMD 
was based on a deep, co-added WFPC2/PC/F336W (roughly 
U-band) image of the cluster core and has already been de- 
scribed in Paper I. 

For the subset of FUV sources discussed in Section H] 
we additionally constructed broad-band, FUV through NIR 
SEDs. With the exception of the FUV data point (which 
comes from our own STIS/F25QTZ direct image), all of this 
photometry was obtained from ACS/HRC observations of 47 
Tuc in the HST archive. These observations spanned the 
full complement of ACS/HRC broad-band filters, including 
F250W (Xp = 2716 A), F330W (A,, = 3363 A), F435W (A^ = 
4311 A), F475W (A^ = 4776 A), F555W (\p = 5256 A), 
F606W (A;, = 5888 A), F625W (A^ = 6296 A), F775W (A^ = 
7665 A), F814W (A^ = 8115 A), and F850LP (A;, = 9145 A); 
here, A^ is the pivot wavelength of each filter Due to the lim- 
ited field of view and depth of the exposures we used, only a 
subset of these filters are usually available for each target. 

All of our ACS/HRC photometry was carried out with An- 
drew Dolphin's PSF-fitting package DOLPHOT ^, which is a 

^ http://purcell.as.arizona.edu/dolphot 
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modified version of the WFPC2-optimized HSTPHOT pack- 
age (Dolphin 2000). The advantage of DOLPHOT for our pur- 
poses is that it provides an ACS-optimized mode, in which 
detector- and filter-specific simulated TiNY TiM PSFs are 
used as basehne PSF models^^. In ACS mode, DOLPHOT ap- 
plies CTE corrections automatically and provides fully cali- 
brated photometric measurements. 

Throughout this paper, all magnitudes are given on the 
STMAG system, where 

w^smAC = -2. 5 log Fa -2 1.1. (1) 

For photometric measurements, F\ is the (constant) flux of a 
flat-spectrum source that would produce the observed count 
rate in the photometric band-pass. In Section 4, we will also 
adopt the STMAG system for spectroscopic data, by using 
Equation [T] as a monochromatic definition of msTMAC- This 
convention allows us to put spectroscopic and photometric 
measurements onto a common, easily interpretable scale. 

2.3. The FUV-optical Colour-Magnitude Diagram 

Figure [3] shows the FUV-optical CMD for sources in our 
imaging field of view. The data and models shown in Figure[3] 
are exactly the same as in Paper I, except for (i) t he sl ight 
updates to the FUV photometry described in Section ITTl (ii) 
the fact that we now also show objects without optical coun- 
terparts, for which we adopt an F336W magnitude of 23.5 
(well below the actual optical detection limit), and (iii) we 
have added an approximate He WD model sequence (calcu- 
lated by shifting the standard WD sequence to account for the 
radius difference between a 0.5 Mq WD and 0.25 Mq one). 

Objects for which we have been able to extract useful spec- 
tra are circled in Figure[3]and labelled with their spectroscopic 
ID number (c.f. Figure[T]and Table[T]). Each spectroscopic tar- 
get is also assigned a preliminary photometric classification, 
based on its position in Figure [3] Possible classifications in- 
clude white dwarf (WD), "gap object" (sources between the 
WD and main sequences), blue stragglers (BS), FUV source 
with no optical counterpart (NoOpt), main-sequence turn-off 
star (MS-TO) and red giant/horizontal branch star (RGB).'* 
Selection boxes for all of these objects (except the NoOpts) 
are shown in Figure [3] and the spectroscopic targets inside 
each box are marked with a distinct colour. The photometric 
classifications are also given in Table [T] 

In the context of stellar exotica, the gap region is of particu- 
lar interest. This is the area in which CVs and detached WD- 
MS binaries may be expected to be found (Paper I; Townsley 
& Bildsten 2002). Some such objects may also fall into the 
WD and NoOpt selection boxes, e.g. if the hot WD still dom- 
inates the binary SED in both FUV and F336W. However, 
as shown statistically in Paper I, both of the latter boxes are 
likely to contain primarily WDs. 

In total, we have been able to extract useful spectra for 
48 objects, including 8 gap sources, 8 BSs, 9 WDs and 23 
NoOpts. All MS-TO and RGB objects were too faint to be 
included in our spectral extraction. The long-dashed diagonal 

' http://www.stsci.edu/software/tinytim/tinytim.html 

** We speculated in Paper I that the mismatch between the predicted and 
observed position of stars on the RGB may be due to clii'omospheric FUV 
emission from these objects. However, the recent discovery of a significant 
red leak in the STIS/FUV-MAMA response (STIS Instrument Handbook for 
Cycle 17; Section 5.3.4) provides a more mundane explanation. This red leak 
is not yet incorporated into the sensitivity curve used in STSDAS/SYNPHOT. 
Fortunately, this has negUgible impact on our results, since all of the objects 
discussed in Section|4]are relatively blue and FUV bright. 



line corresponds to nifuv = 21.0 and marks the approximate 
spectroscopic extraction limit. Note that not all sources above 
this limit are circled in Figure [3] This is because some bright 
sources fell outside our spectroscopic field of view and others 
were too severely blended with even brighter objects to yield 
useful spectra. The short-dashed diagonal line corresponds to 
nifuv = 19.5 and marks the approximate spectroscopic com- 
pleteness limit, as discussed further in Section ISTl Using the 
same method as in Paper I, we estimate that ~ 1.4 objects 
in the CMD brighter than nifuv = 21.0, and ~ 0.3 objects 
brighter than nifuv = 19.5 may be the result of a chance co- 
incidence (i.e. a superposition of two unrelated stars). These 
estimates are based on the number of FUV sources brighter 
than the adopted cut-offs, the number of optical sources, and 
the number of actual matches between these source lists. 

2.4. Proper Motions and Cluster Membership 

McLaughlin et al. (2006) have recently created a large 
photometric and proper motion catalogue that contains over 
14,000 stars near the central regions of 47 Tuc. A subset of 18 
of our spectroscopic targets have counterparts in their master 
catalogue, and 6 of these have well-determined proper mo- 
tions. In Figure |4] we show the location of these stars in the 
proper motion diagram, relative to other cluster members in 
the McLaughlin catalogue. All of our targets (which include 
5 BSs and 1 gap object according to the CMD-based classifi- 
cation) are fully consistent with being cluster members. 

3. FUV SPECTROSCOPY OF 48 OBJECTS IN THE CORE OF 47 TUC 

In this section, we present an overview of all the useful 
spectra we could extract from our slitless FUV spectral im- 
ages. We have grouped the spectra by their CMD-based clas- 
sifications for this purpose. 

3.1. The Spectra of Gap Objects 

The FUV spectra of our 8 gap sources are shown in Fig- 
ure |5] The diversity of these spectra is striking and immedi- 
ately suggests that these objects do not form a homogenous 
group. All gap sources will be analyzed individually in Sec- 
tionlH so we only present a brief overview here. 

Clear emission lines are seen in Stars 1, 3, and 20, all of 
which were previously known or suspected CVs (also known 
as AKO 9, VI, and V2, respectively [see Table[Tl). The pres- 
ence of emission lines confirms the CVs nature of these ob- 
jects. Our data on AKO 9 has already been analyzed in detail 
elsewhere (Knigge et al. 2003), but the spectroscopic con- 
firmation of V 1 and V2 as CVs is reported here for the first 
time in the refereed literature. ^ Only one other gap source - 
Star 17 - shows tentative evidence of line emission. Unfortu- 
nately, the position of this object on the detector is such that 
only a short segment of its spectrum is available, with the red 
cut-off occuring just beyond the C IV line. The line itself thus 
falls close to the edge of the detector, which is why we do not 
consider the apparent flux excess near 1550 A to be a definite 
detection of line emission. We will discuss Star 17 in more 
detail in Sectioning] 

Of the 4 remaining objects, 3 exhibit flat or blue continua, 
but the fourth - Star 10 - presents a rather strange, red con- 
tinuum with absorption lines. All 4 of these objects turn out 
to be interesting (see Section |4]i, but Star 10, in particular, is 
probably the most exotic and unusual object our FUV survey 

^ The review presented in Knigge (2004) inludes preliminary, rough spec- 
tral extractions for these objects. 
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Fig. 3. — The FUV-optical CMD of objects in the core of 47 Tuc. Objects detected in both the FUV and WFPC2/F336W images are shown as black points, 
objects for which useful spectra could be extracted ai'e additionally marked with circles and labelled with their spectroscopic ID number (c.f. Table [T). Cyan 
circles correspond to FUV sources with spectra but without optical counterparts; all 23 of these are shown at mfij^w = 23.5 and without their ID numbers (to 
avoid confusion). Several synthetic model sequences are shown and labelled, as are photometric selection boxes for various populations. We also show the 
location of the zero-age main sequence in the SMC, which is locate d beh ind 47 Tuc. Note that Star 999 (in the BS selection box) is not marked by a black dot 
since it was not in the photometric catalogue of Paper I (see Section |TT). The long-dashed diagonal l ine m arks the approximate spectroscopic extraction limit 
{nifuy — 21.0). The short-dashed diagonal line con'esponds to nifuy = 19.5 and is discussed in Section fsTT] 



has unco vered. This object is analyzed more closely in Sec- 
tion |4J] 

3.2. The Spectra of Blue Stragglers 

Figure|6]shows the FUV spectra of our 8 BSs in the core of 
47 Tuc. Only the two brightest of these - Stars 2 and 999 - 
will be analyzed in more detail in Section|4] 

Unlike the gap sources, all but one of the BSs display rather 
similar FUV spectra. More specifically, 7 of the 8 BSs show 
extremely red FUV continua, with fluxes increasing by typ- 
ically 2 orders of magnitude between roughly 1500 A and 
1800 A. This near-exponential rise is expected, since BSs are 
stars of spectral type A-F for which the FUV waveband falls 
on the Wien tail of their SEDs. In principle, this should make 
the FUV flux and spectral shape a very sensitive thermometer 
for BSs, a possibility we will explore in Section !?. 121 In those 
sources with sufficient S/N, the spectra also exhibit absorption 



lines due to C I and Al II (with a possible contribution from 
Fe II). 

The obvious outlier among the BSs is Star 2, whose FUV 
continuum rises much more slowly towards longer wave- 
lengths. Moreover, the flux level at the blue end of the spec- 
trum (around 1500 A) is much higher than for any other BS 
in our sample. Thus even though the red part of Star 2's FUV 
spectrum may be affected by blending, the discrepancy be- 
tween this object and the other BSs appears to be real. Star 2 
is analyzed more carefully in Section l4!2] 

3.3. The Spectra of White Dwarfs 

The FUV spectra of the 9 hot WDs in our sample are shown 
in Figure |7] Only the two brightest of these - Stars 5 and 7 - 
will be analyzed in more detail in Section|4] 

The WDs present a relatively homogenous set of FUV spec- 
tra, which can be characterized as blue, featureless continua. 



Stellar Exotica in 47 Tuc 



7 



a - 



3. 



-S - 




4 2 -2-4 

Fig. 4. — Proper motion diagram of stars near the central regions of 47 Tuc 
(constructed from data in McLauglilin et al. [2006]). Tlie 6 FUV sources with 
useful spectra for which proper motions are available are highlighted and la- 
belled with their identification numbers. Colours correspend to the different 
source types, based on the photometric classification scheme shown in Fig- 
ure[3]and described in Section l23l Blue stragglers are shown in green, and 
the one gap object in blue. The solid black ellipses correspond to Icr, 2cr, 3ct 
contours (where a refers to the 1 -dimensional standard deviations in fia and 
fis )- These contours contain 42.4%, 87.3% and 98.2% of all sources, respec- 
tively. All proper motions are relative to the mean motion of 47 Tuc, and the 
dashed blue circle marks the escape velocity from the cluster. Stars belonging 
to the Small Magellanic Cloud (which is located behind the cluster along the 
hne of sight) would lie around /la = -4.7 mas yr"' and /ig = 1.3 mas yr"' in 
these co-ordinates (beyond the right edge of the plot). 

This is as expected for young WDs near the top of the cool- 
ing sequence. There is little evidence for absorption or emis- 
sion lines in any of these spectra. The only features that are 
perhaps worth remarking on are a hint of an absorption dip 
near C IV in the spectrum of Star 5, and a hint of emission 
near the same line in the spectrum of Star 29. However, we 
regard neither of these features as convincing. We thus con- 
clude that the top of the WD cooling sequence in 47 Tuc does 
not hide a large population of WD-dominated CVs (see also 
Section[331i. Surprises are still possible though, as illustrated 
by the analysis of Star 7 in Section l4~6l 

3.4. The Spectra of FUV Sources without Optical 
Counterparts 

Figure [8] shows the spectra of our 23 FUV sources with- 
out optical counterparts. This group of objects is also ex- 
pected to be dominated by hot WDs. As shown in Paper I, 
the number of these objects is consistent with expectations 
for the WD population, and our optical (WFPC2/PC/F336W) 
photometry is certainly not complete for these optically faint 
objects. Since we do not have optical counterparts, none of 
these sources are included in Section |4] 

Figure [8] shows that the spectra of essentially all of these 
FUV sources are consistent with expectations for single DA 
WDs. In particular, the resemblance of the spectra to those 
of the photometrically-classified WDs (Figure [T]) is obvious. 
The spectrum of Star 33 contains an obvious hump, but this 
is caused by blending with a fainter FUV source. That source 
was not included in the spectral extraction, which explains 
why the blend ratio for Star 33 does not show this feature. 
None of the objects in Figure[8]show convincing evidence for 
emission or absorption lines. This confirms the conclusion 



of Section [33] that the top of the cooling sequence does not 
harbour numerous CVs. 

4. A CLOSER LOOK AT INDIVIDUAL SOURCES 

We will now present a more detailed analysis of the most in- 
teresting and representative sources in our spectroscopic sam- 
ple. This includes all of the gap sources, as well as the two 
brightest objects from the CMD-based WD and BS groups. 
All sources analysed in this section are listed in bold at the 
top of Table [U The last column in the table presents our final 
classification for each source. 

Throughout this section, we will use model fits to the com- 
bined spectral and SED data sets to shed light on the physical 
nature of our sources. The cluster parameters adopted in these 
models are those of Gratton et al. (2003), i.e. d = 4840 pc, 
E(B-V) = 0.024, [Fe/H] = -0.66. All stai's, except WDs, 
are described by interpolating on the latest, a-enhanced Ku- 
rucz ATLAS9 model atmosphere grids. ^ These grids use the 
updated opacity distribution functions described by Castelli 
& Kurucz (2001) and account for enhanced a-element abun- 
dances at a level of [a/Fe] = 0.4. For the purpose of mod- 
elling WDs, we rely on the grid of synthetic WD spectra de- 
scribed in Gansicke, Beuermann & de Martino (1995), which 
has been kindly provided by Boris Gansicke. We generally 
adopt MwD = 0.5 Mq and R^j = 0.017 Rq (corresponding to 
log g = 7.6) to describe WDs in 47 Tuc. This is appropriate 
for recently formed WDs near the top of the cooling sequence 
(Renzini & Fusi Pecci 1988; Wood 1995). We also use the 
WD models to qualitatively describe other hot spectral com- 
ponents, such as accretion disks in CVs. We will only be in- 
terested in rough estimates of the characteristic temperatures 
and sizes of such generic hot components, and the use of WD 
models should be adequate for this purpose. 

The spectral resolution of the Kurucz models is relatively 
low, with a typical wavelength step of 10 A in the FUV region. 
This turns out to be quite adequate for our qualitative mod- 
elling, and so the observed spectra (and also the WD mod- 
els) are interpolated onto the wavelength grid of the Kurucz 
spectra during our fitting procedure. We have also carried out 
synthetic photometry on all models in the Kurucz and WD 
grids. This was done using SYNSPEC in IRAF/STSDAS, which 
includes throughput files for all HST detector/filter combina- 
tions. Most of our modelling is done in a least squares sense, 
with every data point being given equal weight. Since we only 
consider the coarse Kurucz wavelength grid when modelling 
the FUV spectrum, this usually provides a reasonable com- 
promise between the emphasis placed on the spectrum relative 
to the broad-band SED. In a few cases, the relative weights 
assigned to the spectroscopy and photometry were adjusted 
slightly to improve the overall quality of the fits. 

We note from the outset that our goal here is to find physi- 
cally plausible descriptions of the data, rather than arbitrary 
sets of best-fit parameters. Thus we will sometimes con- 
strain certain parameters or parameter combinations to have 
values consistent with, for example, the expected location of 
the WD or main sequences. Of course, we will only do this 
when adequate fits can actually be found with the constrained 
parameters. We feel this approach is appropriate, since the 
match between data and models is limited by systematic ef- 
fects (e.g. blending in the spectra, crowding in the photome- 
try, and uncertainties affecting the theoretical models) rather 

^ The Kur ucz model atmosphere grids are available for download at 
|http://kurucz.ha rvard.edu/grids.html 
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Fig. 5. — The FUV spectra of gap objects. The top panel for each object shows the extracted spectrum. The positions and identifications of several key spectral lines are also 
indicated. The red horizontal line marks the flux level coiresponding to the FUV photometry (for a flat spectmm source; see EguationfTlin Section[^2). Note that the wavelength range 
covered for each object depends on its position on the detector. The bottom panel for each objects shows the wavelength-dependent blend ratio, as defined in Section lTTI The horizontal 
dashed lines mark blend ratios of 0.1 and 1.0; this is the range where blending can start to become a problem. 



than by purely statistical errors on the data. 

4.1. Star 1 = AKO 9: A CV with a Subgiant Donor 

Star 1 is the brightest FUV source in 47 Tuc and is identical 
to the previously known blue object AKO 9. A detailed anal- 
ysis of our FUV spectroscopy and photometry for this source 
has already been presented in Knigge et al. (2003). Figure |9] 
shows the FUV spectrum and broad-band SED for AKO 9, 
along with our suggested two-component fit to these data. 

As shown in Knigge et al. (2003), AKO 9 is almost cer- 
tainly a CV with an orbital period of Porb = 1.1091 d and 
an evolved, probably subgiant donor star This description 
also turns out to provide a good fit to the more extensive 
broad-band SED we have assembled here. In constructing this 
model, we have assumed that the secondary is a turn-off mass 
object and have used the orbital period-mean density relation 
for Roche-lobe filling stars, 

(p)~1077^-i,„gcm-3, (2) 

as an additional constraint on the donor parameters (e.g. 
Warner 1995). The hot component that dominates the FUV 
light is too bright to be a pure WD and is instead likely to 
arise in an accretion disk. In our fit, we have described this 
component with a log g = l WD model atmosphere. The tem- 
perature was fixed at Ti,oi = 30,000 K, which yields an effec- 
tive radius of Rhoi — 0.07 Rq (for a pure WD, we would ex- 



pect Rijo, ~ 0.02 Rq). However, the temperature and effective 
radius are highly correlated and not well constrained. 

In the process of constructing the broad-band SED, we no- 
ticed that a subset of optical observations obtained in July 
2002 were systematically brighter than all of our other op- 
tical data. We show these 4 data points as open triangles in 
Figure |9] Note, in particular, the almost 2 mag brightness 
difference between the roughly U-band data used in Paper I 
(open circle in Figure |9|l and that obtained in July 2002. As 
shown in Figure [TOl this difference is easily noticeable in the 
images themselves. 

We conclude that we have discovered a dwarf nova eruption 
of AKO 9. Two previous outburst of this object have been ob- 
served with HST, one in July 1986, the other in October 1992 
(Minniti et al. 1997; see also Knigge al. al. 2003). The 
present discovery of an eruption in July 2002 confirms that 
the mean interoutburst recurrence time is at most 6-7 years. 
However, given the relatively sparse time coverage of the pho- 
tometry investigated to date, a shorter recurrence time remains 
possible. 

Even though all of the existing observational evidence is 
consistent with AKO 9 being a dwarf nova-type CV, the 
source warrants additional investigation. In particular, a ra- 
dial velocity study would be invaluable for establishing the 
system parameters. As an incentive for such a study, we note 
that the X-ray, FUV and optical properties established so far 
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Fig. 6. — The FUV spectra of blue stragglers. See caption to Figure|5]for details. 



do not completely preclude the possibility that the primary 
could be a black hole, rather than a WD. 

4.2. Star 2: A Blue Straggler with a White Dwarf Companion 

Star 2 lies on the BS sequence in the FUV-optical CMD 
(Figure [3]), but its FUV spectrum rises much more slowly to- 
wards longer wavelengths than that of any other BS in our 
data (Figure |6]l. Even though our spectrum for this object is 
rather short, and may be affected by blending longwards of 
about 1550 A, we have no reason to doubt the reality of the 
FUV excess it implies (relative to other BSs). 

Figure [TT] shows the FUV spectrum and broad-band SED 
for this object, along with our best-bet model. All of the pho- 
tometry is well described by a single component with param- 
eters appropriate for a BS in 47 Tuc. However, no single com- 
ponent model is able to also match the FUV spectrosopy. ^ 

The simplest and most plausible way to account for the ob- 
served FUV excess is to invoke a WD companion to the BS. 
As shown in Figure [TT] a WD with Tg/f ~ 34, 000 K provides 
a reasonable match to the FUV spectrum without significantly 
affecting the broad-band SED. Thus a BS-WD binary system 
provides a good match to the entire spectroscopic and poto- 
metric data set. 

' The surface gravity (and hence mass) of the BS is not well constrained by 
the fit and was therefore fixed at a physically plausible value. Also, t he pre - 
dicted FUV spectrum of the BS may not be very accurate (see Section l4. 12t . 
However, our conclusion that the observed FUV spectrum shows a strong 
excess at the shortest wavelengths is insensitive to these caveats. 



Is it possible that we are being fooled by a chance super- 
position? There are two questions to consider in this context. 
First, could the FUV flux we have identified with the short- 
wavelength spectrum of Star 2 actually be associated with a 
different FUV source? Inspection of the direct image (Fig- 
ure[T]) shows that there are two FUV-bright sources - Stars 17 
and 30 - that lie close enough to Star 2 in the spatial direc- 
tion to warrant consideration. However, Star 17 lies to the 
right of Star 2 in the direct image and so cannot be respon- 
sible for any short-wavelength flux in the spectrum of Star 2. 
Star 30, on the other hand, has photometric and spectroscopic 
properties consistent with a single WD and lies about 585 pix- 
els (corresponding to about 340 A) to the left of Star 2. If 
the short-wavelength flux attributed to Star 2 were really due 
to Star 30, essentially of the observed counts would have to 
be associated with wavelengths well beyond 1800 A. How- 
ever, the FUV bandpass has very little sensitivity at such long 
wavelengths, and the spectroscopic countrates of even the red- 
dest FUV-bright sources in our sample - the BSs - peak well 
shortward of 1800 A. Thus Star 30 is almost certainly not the 
source of any flux assigned to Star 2. 

The second question is whether the FUV source we see in 
the direct image could be a chance blend of the bright BS 
with a comparably bright WD. It is worth noting here that the 
BS is expected to be detected in the FUV, so it is not plausible 
that the WD should completely dominate the FUV output. We 
have inspected the direct FUV image in the vicinity of Star 2 
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Fig. 7. — The FUV spectra of hot white dwarfs. See caption to Figure|5]for details. 



and find no evidence to support the idea that the FUV source 
is a blend. However, it should be acknowledged that the FUV 
imaging PSF is rather complex and asymmetric, and that there 
are not many FUV-bright objects against which Star 2 could 
be meaningfully compared. By the same token, however, the 
probability of two such bright objects lying close to each other 
by chance is very small. Figure [TT| shows that both the WD 
and the BS would be brighter than nifuv ~ 19 on their own. In 
total, there are only 20 objects (including Star 2) that are this 
bright in our FUV photometry. The probability that two such 
objects should lie close enough to each other to form an un- 
recognizable blend (say within 3 pixels) is only ~ 1 %. Thus it 
is highly likely that the hot WD is physically associated with 
the BS. 

Even though Star 2 is the first BS-WD binary that has been 
identified in any GC to date, the existence of such objects 
should probably be expected. One straightforward way to 
form such a system is directly from a MS-MS binary. As 
the more massive object in this progenitor system ascends the 
giant branch, it may overflow its Roche lobe and thus turn its 
companion into a BS via Case B or Case C mass transfer ^ 

In either case, the outcome would be a BS-WD binary. This 
formation channel will be available in GC cores as long as the 

* Here, Case B refers to mass transfer occuring prior to He ignition (during 
the ascent of the red giant branch), which may produce a He WD; Case C 
refers to mass transfer after He ignition (during the ascent of the asymptotic 
giant branch), which would leave behind a CO WD (e.g. Paczyhski 1971). 



original binary is hard (since otherwise it would not survive 
until the onset of mass transfer). The hard/soft boundary in 
GCs corresponds to binary separations on the order of a few 
AU (e.g. Davies 1997), so there is certainly room for BS-WD 
progenitor systems in the parameter space of hard binaries. 

An alternative way to form BS-WD binaries is directly via 
dynamical encounters. In particular, since single BSs are the 
most massive stars found in GCs, any 3-body interaction in- 
volving such a BS would tend to leave it with a companion 
(usually the more massive member of the original binary). 
Thus a system like Star 2 could have been formed, for exam- 
ple, in an exchange encounter involving a BS and a WD-MS 
binary. 

4.3. Star 3 = VI: A CV with a Main-Sequence Donor 

Star 3 = VI is a previously suspected CV (Paresce, De 
Marchi & Ferraro 1992; Grindlay et al. 2001a; Ferraro et al. 
2001 ; Knigge et al. 2002). Its orbital period is either 3.5 hrs or 
7.0 hrs, depending on whether the observed optical variability 
is due to ellipsoidal variations or not (Edmonds et al. 2003b). 

Figure [12] shows our FUV spectrum and broad-band SED 
for VI. As already noted in Section lTTl the detection of C IV 
in emission spectroscopically confirms VI as a CV. The emis- 
sion line is double-peaked, which suggests that it was formed 
in a rotating medium, such as an accretion disk (e.g. Smak 
198 1 ; Horne & Marsh 1986) or a rotating disk wind viewed at 
high inclination (e.g. Knigge, Woods & Drew 1995). The 
FUV-NIR SED is consistent with a single, hot component 
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Fig. 8 (CONT). — The FUV spectra of objects without optical counterparts. 
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Fig. 9. — FUV spectrum (top panel) and broad-band SED (bottom panel) of Star 1 = AKO 9, along with a two-component model fit to these observations. 
The black histogram in the top panel is the observed FUV spectrum (shown at the full resolution), while the blue, red and black lines (in both panels) show the 
model spectra of the hot, cool and combined components, respectively. Only the wavelengt h reg ions shown with a thick solid line were used in the spectral fit. 
Underneath the spectrum, we also show the corresponding blend ratio, as defined in Section ITll In the bottom panel, the filled black circles are the ACS/HRC 
photometric data we try to fit, whereas the open red squares are the magnitudes predicted by the full model. The corresponding residuals are also shown. The 
emission lines in the FUV spectrum confirm this object as a CV, while the broad-band SED establishes the evolved nature of its mass-losing secondary. The open 
circle around 3400 A in the bottom panel is our older WFPC2/PC/F336W data point, and the open triangles are the ACS/HRC data points obtained in July 2002. 
The system was caught in a dwarf nova outburst during the 2002 observations (see also Figure llOl . 



dominating the flux at all wavelengths. 

Since the donor of VI must fill its Roche lobe, we can use 
the period-mean density relation (Equation|2]i to constrain its 
nature. If the orbital period is 7.0 hrs, and the donor lies close 
to the cluster MS, the donor mass would have to be roughly 
0.75 Mq. Such a star would be 0.5 mag - 1.0 mag brighter 
than VI at A > 5000 A; this makes the long-period option un- 
likely. ' If the period is 3.5 hrs instead (which would im- 
ply that the observed variability is not ellipsoidal in nature), 
the expected donor mass is about 0.5 Mq. As shown in Fig- 
urefTSl such a donor would be a relatively minor contributor to 
the flux at all FUV-NIR wavelengths. This is self-consistent, 
since a faint donor like this would not produce a significant 
ellipsoidal signal. We therefore favour the 3.5 hr period and 

' Strictly speaking, unevolved CV donors are sHghtly bloated relative to 
isolated MS stars (e.g. Knigge 2006). However, even if we assume that the 
secondaiy in VI is a full 20% larger than a MS star (and adjust its parameters 
so as to still satisfy the period-density relation), it would be significantly (~ 
0.3 mag) brighter than the observations at A > 6000 A. Any contribution from 
the hot component that must dominate at shorter wavelengths would make 
this discrepancy even worse. 



suggest that the donor lies on or near the lower MS of the 
cluster. 

Both the FUV continuum and the FUV-NIR SED are rea- 
sonably described by a 12,000 K optically thick component 
with an effective radius of 0. 18 Rq (where we have again used 
a log g = 1.0 WD model to represent this component). Very 
similar models have been found to match the accretion disk- 
dominated SEDs of nova-like CVs in the Galactic field (e.g. 
Knigge et al. 1998). The identification of VI as a nova-like 
CV containing a bright accretion disk is consistent with the 
fact that no dwarf nova outbursts have so far been discovered 
in this source. However, we do note that the observed SED 
in Figure [T2l exhibits undulations (e.g. between 4000 A and 
6000 A), which can also be seen as large (up to 0.5 mag) resid- 
uals between model and data. These undulations and residuals 
are probably due to variability. Even though nova-like CVs do 
not show the eruptions associated with dwarf novae, they do 
produce a wide range of variability, including flickering, or- 
bital and even sizeable long-term variations (e.g. Honeycutt, 
Robertson & Turner 1998; Honeycutt & Kafka 2004; Knigge 
et al. 1998, 2000, 2004). 
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Fig. 10. — Approximately U-band obsei'vations of AKO 9 obtained with HST in July 1999 (left panel) and July 2002 (right panel). The difference in brightness 
is obvious and implies that AKO 9 experienced a dwarf' nova eruption in July 2002. In these images, north is up, east is to the left, and the field of view is 
approximately 1.8". 
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Fig . 12. — The FUV spectrum (top panel) and broad-band SED (bottom panel) of Star 3 = 
Notation is as in Figure|9] Star 3 is a CV. 



VI , along with our best-bet model fit to the data (see text for details). 



4.4. Star 4: A Helium WD 

Star 4 is a gap object photometrically, but one that lies close 
to the WD cooling sequence in Figure [3] The FUV spectrum 
and broad-band SED in Figure[T3]are blue and featureless, but 
it is impossible to fit these data with an ordinary WD model. 
The observed spectral slope implies an effective temperature 
of around 20,000 K, but a normal WD with this temperature 
is much too faint to match the observed flux. Instead, the 
required stellar radius is about 0.05 Rq, 3 times larger than 
the radius of a CO-core WD. 

Such a radius is exactly what is expected for low-mass He- 
core WDs in GCs (Serenelli et al. 2002). In fact, both the 
radius and temperature we infer for Star 4 are extremely simi- 
lar to those of the He WD in NGC 6397 found by Edmonds et 
al. (1999). Motivated by this, we fix the surface gravity of our 
WD model fit at log g = 6.25 (Edmonds et al. 1999) and then 
find an excellent, self-consistent description of the entire data 
set with T,ff = 21 ,000 K, M = 0.2 M© and Rq = 0.055 Rq. 

We conclude that Star 4 is a He WD in 47 Tuc. This is 
only the second such object to be optically identified in this 
cluster, the other being the low-mass companion to millisec- 
ond pulsar MSP-U (Edmonds et al. 2001). Indeed, only a 
handful of He WDs have so far been optically detected in all 
GCs combined, and the only ones not associated with MSPs 
or ultra-compact X-ray binaries (e.g. Dieball et al. 2005b) are 



the so-called "non-flickerers" in NGC 6397 (Cool et al. 1998; 
Edmonds et al. 1999) and the double-degenerate binary V46 
in M4 (O'Toole et al. 2006). 

In order to form a He WD, its progenitor must lose suffi- 
cient mass to avoid He ignition at the top of the RGB. The 
obvious way to truncate the progenitor evolution is via mass 
loss during a mass-transfer episode in a binary system. In 
a GC, He WDs can therefore be formed either in primordial 
hard binaries or in binaries formed by dynamical encounters 
(most likely exchange interactions). The channels available 
for He WD formation in 47 Tuc have been discussed in detail 
by Hansen, Kalogera & Rasio (2003). They find that both the 
primordial binary and exchange interaction channels can pro- 
duce He WDs in 47 Tuc. In either case, the companion of the 
He WD is likely to be a NS or CO-core WD. However, in a 
dense GC core, any He WD in a binary system will be vul- 
nerable to ejection during subsequent exchange encounters. 
Thus isolated He WDs could be produced in GCs by dynami- 
cal processes. 

In the case of Star 4, there is certainly no sign of any binary 
companion in the SED. However, only a radial velocity study 
will allow us to determine if this is because the He WD is 
currently single or because it has a dark, massive (NS or WD) 
companion. As noted by Hansen, Kalogera & Rasio (2003), 
He WDs are unique tracers of the compact object populations 
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Fig. 13. — The FUV spectrum (top panel) and broad-band SED (bottom panel) of Star 4, along with our best-bet model fit to the data (see text for details). 
Notation is as in Figure|9] Star 4 is a Helium white dwarf. 



in GCs and can provide insight into the dynamical processes 
that drive GC evolution. Thus follow-up studies of the known 
He WDs in GCs (including Star 4), as well as searches for 
additional candidates, are likely to be extremely valuable. 

4.5. Star 5: A Simple WD 

Star 5 is a representative example of hot, young WDs in 
47 Tuc (c.f. Figure [3] The FUV spectrum and (very limited) 
broad-band photometry are shown in Figure[l4] The object is 
too faint to be detected/measured in most of our optical im- 
ages, but all of the data are consistent with the SED expected 
for a single, hot (T,ff ~ 39,000 K) CO-core WD near the top 
of the cooling sequence. 

4.6. Star 7: A WD-MS Binary 

Star 7 was originally included in this section as another 
representative hot, young WD. However, despite its location 
close to the WD cooling sequence in Figure|3] the broad-band 
photometry in Figure [15] reveals a composite SED. As ex- 
pected from the CMD location, the WD dominates at short 
wavelengths (A<4000 A). Beyond this, there is a red excess 
that is well described by a 0.6 Mq MS star in the cluster 
Even though the expected number of false matches among 
FUV sources brighter than mpuv = 19.5 is only ~ 0.3 (Sec- 
tion 12.3b . it is, of course, impossible to rule out completely 



that the composite SED could arise from a chance coinci- 
dence between the WD and a low-mass MS star However, we 
see little evidence for blending at intermediate wavelengths, 
where both components contribute significantly to the total 
flux. We therefore believe Star 7 is likely to be a genuine 
WD-MS binary in 47 Tuc. 

4.7. Star 10 = PC1-V36: A Close Binary with a Dark 
Primary and a Stripped Secondary 

Star 10 = PC1-V36 is arguably the most interesting and ex- 
otic object in our entire sample. In Figure |3] it lies squarely 
in the gap between the WD and main sequences, but we al- 
ready noted in Section 13.11 that its FUV spectrum is rather 
peculiar. In Figure[T6] we show this FUV spectrum again, but 
now alongside with the broad-band SED we have constructed 
from the ACS/HRC images. 

In one sense, the spectrum and FUV-NIR SED are ex- 
tremely simple: a single spectral component with T^ff = 
8700 ±40 K, log g = 3.63 ±0. 15 and = 0.60 ±0.01 Rq (cor- 
responding to a mass of M = 0.056 ± 0.018 Mq) provides an 
excellent description of our entire spectroscopic and photo- 
metric data set. However, this combination of parameters 
obviously does not describe any kind of normal star in 47 Tuc. 

We note in passing that an optical spectrum of Star 10 has been pre- 
sented and analyzed by De Mai'co et al. (2005). Their preferred param- 
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Fig. 14. — The FUV spectrum (top panel) and broad-band SED (bottom panel) of Star 5, along witfi our best-bet model fit to the data (see text for details). 
Notation is as in Figure|9] Star 5 is a white dwarf. 



This reflects the highly unusual SED of Star 10, which does 
not appear to be composite, yet is clearly much bluer than 
that of normal main sequence, red giant and horizontal branch 
stars in 47 Tuc, and much redder than that of hot WDs. Note 
that we provide errors here, because the parameters of this 
object are so unusual and there is no evidence for systematic 
residuals that might seriously bias the fit. Also, unlike for 
most other objects, no parameters were constrained a priori 
in the fit. 

Perhaps the most obvious question raised by the strange 
SED is whether Star 10 is actually a cluster member For- 
tunately, this object is the only non-BS in our sample for 
which a reliable proper motion measurement is available in 
McLaughlin et al. (2006). As shown in Figure HI these data 
are entirely consistent with membership of 47 Tuc. 

Additional confirmation of the inferred parameters comes 

eters for this object (N 104-3 in their notation) are T^ff = 7650 ± 250 K, 
log g ~ 4.2 ± 0.3, R = 0.9 ± 0.2 Rq. Such a model is inconsistent with 
the data presented here. For example, a star with these parameters would be 
more than 1 .5 mag fainter in the FUV waveband than we observe. This dis- 
crepancy could be a sign of large-amplitude variability on long time scales. 
However, our own SED shows little sign of this , de spite being constructed 
from non-simultaneous observations (see Figure [16). Another possibility is 
that the spectrum used by De Marco et al. (2005) was affected by blending, 
which could bias the infen'ed stellar parameters. While it would clearly be 
important to distinguish between these alternatives, doing so is beyond the 
scope of the present paper 



from the variability of the object. Albrow et al. (2001) 
found a periodic signal with P = 0.4 d in their optical time- 
series photometry for Star 10 (= PC1-V36 in their notation). 
The light curve shape was consistent with ellipsoidal modu- 
lations, in which case the orbital period of the binary system 
would be P,„b = 0.8 d. If this object is an ellipsoidal variable, 
the star that dominates the SED must be Roche lobe-filling 
and should obey the orbital period-mean density relationship 
given in Equation |2] Combining Porh = 0.8 d with our well- 
determined radius of R = 0.60 Rq, this relationship predicts 
a mass of M = 0.045 Mq- This is completely consistent with 
the mass inferred from the spectral/SED fit. We conclude that 
Star 10 is a 0.8 d binary system containing a bright, low-mass 
secondary star that fills (or nearly fills) its Roche lobe. There 
is no sign of the primary in the SED, which rules out MS-TO 
stars and other optically bright objects. 

With an effective temperature higher than any BS, a mass 
below the Hydrogen-burning limit, and a radius comparable 
to a MS star, the secondary in the Star 10 binary system must 
be in an extreme and short-lived evolutionary state. In our 
view, the most likely interpretation is that the secondary star 
is the remnant of a subgiant whose Hydrogen envelope has 
been almost completely stripped off. A similar description has 
been suggested for the donor star in the X-ray binary AC 211 
in M15 (van Zyl et al. 2004). The requisite stripping could 
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Fig. 15. — The FUV spectrum (top panel) and broad-band SED (bottom panel) of Star 7, along with our best-bet model fit to the data (see text for details). 
Notation is as in Figure|9] Star 7 is a WD-MS binary system. 



have occurred as a result of mass transfer in a primordial or 
dynamically-formed binary system. Alternatively, and more 
excitingly, it might have occurred during the very dynamical 
encounter that produced the binary system (such as a physical 
collision with a NS; e.g. Lombardi et al. 2006). In this case. 
Star 10 might be the "smoking gun" of a recent dynamical 
encounter involving a compact object. 

4.8. Star 15: A WD-Subgiant Binary? 

Star 15 is a gap source and located very close to 
Star 10 = PC1-V36 in the FUV/optical CMD (Figure^. How- 
ever, its FUV spectrum and broad-band SED in Figure [TTlre- 
veal that its properties are completely different from those of 
Star 10. Our suggested model for this system consists of a 
hot WD (which dominates the FUV) and a MS-TO/subgiant 
secondary star (which dominates everything else). This de- 
scribes the data fairly well, although the observed FUV spec- 
trum is somewhat flatter than expected for a WD that matches 
the FUV flux level. We have not attempted to fit any more 
complicated models, since the FUV spectrum suffers from at 
least mild blending across much of the spectral range. 

As usual, we have to allow for the possibility that the ap- 
parently composite nature of Star 15 is due to a chance coin- 
cidence. Even though the expected number of false matches 
among FUV sources brighter than ntfuv = 19.5 is only ~ 0.3 
(Section lZSl ), this concern deserves particular attention in this 



case, because the offset between FUV and optical positions 
listed in Table[T]is relatively large (1.29 FUV pixels). While 
this is well within the hard cut-off adopted in Paper 1 (1.5 pix- 
els) that was also used for estimating the expected number of 
chance coincidences, the probability of a given match being 
due to chance clearly increases with increasing offset. Based 
on careful visual inspection and blinking of the FUV and opti- 
cal images, we think there is a strong possibility that the FUV 
and optical sources associated with Star 15 will turn out to 
be unrelated, altough it is impossible to be certain. In order 
to flag this, we have therefore added a "?" to the spectro- 
scopic/SED classification in Table [T] 

4.9. Star 17: A Probable WD-Subgiant Binary and Possible 

CV 

Star 17 is another gap source and located close to Stars 10 
and 15 in the FUV/optical CMD (Figure O. Its broad-band 
SED (Figure 18, bottom panel) is also very similar to that of 
Star 15 and suggests that Star 17 is another WD-subgiant bi- 
nary system. However, as akeady noted in Section [STTl there 
is marginal evidence that C IV 1550 A is in emission in this 
sytem (Figure 18, top panel). The detection is not compelling, 
partly because the line happens to lie close to the edge of the 
detector and is therefore cut off, and partly because the spec- 
trum of Star 17 suffers from moderate blending. 
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Fig. 16. — The FUV spectrum (top panel) and broad-band SED (bottom panel) of Star 10, along with our best-bet model fit to the data (see text for details). 
Notation is as in Figure|9] Star 10 is a binary system whose SED is dominated by a peculiar low-mass secondary star. This secondary is probably the remnant of 
a subgiant that has been stripped of its envelope. 



In assessing the likelihood that Star 17 may be a previ- 
ously unknown CV in 47 Tuc, it is worth noting that this FUV 
source was not found to be variable in Paper 1, and is also not 
a viable counterpart to any of the Chandra X-ray sources in 
Heinke et al. (2005). On balance, we are currently skeptical 
that this system will be confirmed as a CV in the future. 

The status of Star 17 as a WD-subgiant binary is somewhat 
more secure, although here again we have to consider the pos- 
sibility that the match between FUV and optical sources is 
due to a chance coincidence. We note again that the expected 
number of false matches among FUV sources brighter than 
nifuv = 19.5 is only ~ 0.3 (Section [2.31 ). However, as in the 
case of Star 15, the offset between FUV and optical positions 
is relatively large for Star 17 (1.20 FUV pixels), so the possi- 
bility of a false match deserves to be taken seriously nonethe- 
less. We have therefore again inspected and blinked the FUV 
and optical images in the vicinity of Star 17. While we can- 
not rule out the possibility of a random match based on this, 
we do think Star 17 is more likely to be a genuine match than 
Star 15. Statistically, it would certainly be rather surprising 
if both Stars 15 and 17 turned out to be chance coincidences. 
Nevertheless, we have again conservatively marked the binary 
classification for Star 17 in Table[T]with a "?". 

4.10. Star 20 = V2: A CV with a Main-Sequence Donor 



Star 20 = V2 is a previously known CV that was origi- 
nally discovered as an erupting dwarf nova by Paresce & De 
Marchi (1994). A second outburst was found by Shara et al. 
(1996). V2 is also known to be an X-ray source (Grindlay et 
al. 2001a), as well as a UV-excess object located in the gap 
region of the CMD (Ferraro et al. 2001; Knigge et al. 2002). 

The FUV spectrum and broad-band SED we have obtained 
for V2 are shown in Figure \T9\ As already noted in Sec- 
tion[TTl the presence of C IV 1550 A and He II 1640 A emis- 
sion lines spectroscopically confirms the CV classification of 
this source. The SED can be decomposed into a hot com- 
ponent with parameters appropriate for a massive WD, and a 
cool component with parameters appropriate for a low-mass 
MS star in 47 Tuc. 

Edmonds et al. (2003b) found evidence for variability on 
periods of 6.8 hrs and 3.0 hrs in their optical photometry for 
V2. Allowing for the possibility that one of the signals is el- 
lipsoidal in nature (in which case the orbital period is twice 
the observed period), this means that there are four candidate 
orbital periods for this system. For comparison, the donor pa- 
rameters suggested by our SED fit (in which we constrained 
the donor to lie on the cluster MS), would imply an orbital pe- 
riod of 4.8 hrs (via Equation|2]l. We will not pursue this issue 
further here, since neither the orbital period nor our estimate 
of the donor properties is secure. We do note that donors with 
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Fig. 17. — The FUV spectrum (top panel) and broad-band SED (bottom panel) of Star 15, along with our best-bet model fit to the data (see text for details). 
Notation is as in Figure|9] Star 15 is either a WD-subgiant binary system or a chance superposition of two such stars. 



significantly higher mass than that imphed by our fit are ex- 
cluded, since they would be brighter than the observed SED at 
optical and NIR wavelengths. Thus the broader classification 
of the secondary as a lower MS star is fairly secure. 

In the process of constructing our broad-band SED, we 
also found evidence of two additional eruptions of V2, 
which are shown in Figure |20l First, the ACS/HRC/F330W 
data point in Figure [T9] is 1 .7 mag fainter than the older 
WFPC2/PC/F336W measurement that was used in the con- 
struction of the CMD (Figure [3] This suggests that V2 
was in outburst in July 1999, the epoch that dominates in 
our co-added PC/F336W image. This is consistent with 
the fact that Ferraro et al. (2001) report an even brighter 
WFPC2/PC/F336W magnitude for V2 from data obtained ex- 
clusively in July 1999. The fainter ACS/HRC/F330W mea- 
surement would move V2 much closer to the WD sequence 
in Figure [3] Second, there is a 1.0 mag difference between 
the two ACS/HRC/F625 magnitude estimates we have for this 
source. The bright estimate comes from an image taken in 
March 2005, which is the only image obtained at this time in 
our optical data set. The discovery of two eruptions in our 
limited optical data set confirms that V2 is a dwarf nova with 
a relatively high duty cycle (c.f. Shara et al. 1996). 



Star 27 is another gap source in Figure[3] and its FUV spec- 
trum and broad-band SED are shown in Figure |2T| Despite 
several attempts, we were unable to find a physically plausi- 
ble one- or two-component fit to this data that was consistent 
with the source being a cluster member 

We therefore considered the possibility that Star 27 is a 
background star As discussed in Paper I, the outskirts of 
the SMC are located directly behind 47 Tuc, and roughly 
one SMC interloper may be expected to contaminate our 
FUV/optical CMD. Figure[3]shows that Star 27 is a good can- 
didate, since it lies close to the expected location of the SMC 
main sequence. Note that this object is not included in Fig- 
ure m since there is no proper motion information for it in 
McLaughlin et al. (2006). Thus a location in the SMC cannot 
be excluded for Star 27. 

In order to test this idea, we changed the distance adopted in 
our fits to 60 kpc (the average metallicity in the SMC is sim- 
ilar to that of 47 Tuc). We then find that a single-component 
model with T^jf ~ 10,500 K,R=1.6Rq and log g = 4.3 pro- 
vides a good description of all of the datal. These parameters 
are entirely reasonable for a slightly evolved 2Mq star in the 
SMC. We therefore conclude that Stai- 27 is an SMC interloper 
and unrelated to 47 Tuc. 



4. 11 . Star 27: An SMC Interloper 
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Fig. 18. — The FUV spectrum (top panel) and broad-band SED (bottom panel) of Star 17, along with our best-bet model fit to the data (see text for details). 
The data point near 4800 A was taken from McLaughlin et al. (2006) and is therefore shown with a different symbol. Other notation is as in Figure|9] Star 17 is 
a probable WD-subgiant binary system and possible CV (based on the tentative detection of C IV in emission). 



4.12. Star 999: A Bright and Probably Massive Blue 
Straggler 

Star 999 is the optically brightest BS in our spectroscopic 
sample. Its FUV spectrum and broad-band SED are shown in 
Figure |22] and imply 7^// ~ 7500 K and /? ~ 3 Rq for this 
object. These are reasonable parameters for a BS in 47 Tuc. 
However, in order to obtain an acceptable single component 
fit to all of the data, a surprisingly low surface gravity is also 
required (log ^ ~ 3.0; red line in Figure |22l Taken at face 
value, this combination of radius and surface gravity would 
point to an extremely low mass of M ~ 0.3 Mq for Star 999. 
This does not seem reasonable for a BS. 

There could be physical explanations for such an abnor- 
mally low surface gravity, such as fast rotation (Porter & 
Townsend 2005; Knigge et al. 2006) or the presence of a 
disk around the star (De Marco et al. 2004). However, be- 
fore resorting to such explanations, it is worth checking that 
the spectral models we are using can actually be trusted in the 
regime we are using them here. The obvious worry here is the 
reliability of the models in FUV region, since this waveband 
is on exponential Wien tail of the BS SED where even rela- 
tively slight inaccuracies in the model may result in large flux 
changes. 

The work by Castelli & Cacciari (2001) suggests that this 



worry is well founded. They carried out an extensive FUV 
analysis of Pop 11 A-stars, based on the same set of Kurucz 
models that we employ here. Their main finding was that, for 
Teff ^ 8700 K, model fits to the FUV spectra produce biased 
surface gravity estimates that are systematically lower than 
those implied by optical data. For hotter stars, there was no 
systematic discrepancy between the two sets of estimates. 

As a test, we therefore repeated the one-component fit, but 
excluded the FUV spectrum and photometry. The result of 
this exercise confirmed our suspicions: the best model fit to 
the NUV-NIR SED (the blue line in Figure |22l) has a similar 
temperature and radius to the global best fit, but a much higher 
surface gravity (log g = 3.8). The BS mass implied by this fit 
is therefore also much higher (M ~ 1.9 Mq). 

Two points regarding the fits carried out in previous sec- 
tions are worth making at this stage. First, the effective tem- 
perature of Star 10 is just about high enough for our model 
fit to yield a meaningful surface gravity estimate. Second, the 
FUV excess seen in the BS Star 2 (and attributed to a WD 
companion) cannot be attributed to a similar model failure. 
This can be seen by comparing the FUV properties of Stars 2 
and 999 directly. The broad-band FUV magnitude of both 
stars is dominated by a BS with Tg/f ~ 7500 K, with Star 2 
being only 0.2 mag brighter than Star 999. However, at the 
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Fig. 19. — The FUV spectrum (top panel) and broad-band SED (bottom panel) of Star 20, along with our best-bet model fit to the data (see text for details). 
Notation is as in Figure|9] Star 20 is a CV. 



shortest wavelengths available in the FUV spectra (1500A - 
1600A), Star 2 is a full 2 mag brighter than Star 999. Thus 
the massive FUV excess exhibited by Star 2 is not just rela- 
tive to theoretical models, but also relative to other BSs in the 
cluster. 

Returning to Star 999 itself, it is interesting to note that 
the mass inferred from our fit to the NUV-NIR SED is just 
over twice the turn-off mass in 47 Tuc {Mto — 0.9 Mq). This 
is interesting, since the formation of a BS with M > IMjo 
must involve three progenitors. Such a "supermassive" BS 
(SMBS) cannot be formed in a single collision between two 
MS stars, nor via mass transfer in an ordinary binary system. 
Unfortunately, the uncertainties on the mass of Star 999 are 
too large to establish it as a SMBS (the statistical error alone 
is about 0.4 Mq). The sample of BSs analysed by De Marco et 
al. (2005) also contained several candidate SMBSs (including 
one in NGC 6793 for which Saffer et al. [2002] had derived a 
preliminary mass estimate of about 3 Mto)- However, none of 
these candidates could be confirmed conclusively as SMBSs. 
At the moment, this leaves the BS-MS binary discovered by 
Knigge et al. (2006) as the most convincing candidate for a 
BS system with three progenitors in a GC core. However, the 
first definitive SMBS remains to be discovered. 

5. DISCUSSION 



Since we have discovered and analysed a fair number of in- 
teresting and exotic objects in 47 Tuc, it is worth considering 
some of the wider implications of our results. In the following 
sections, we will therefore take a look at three key issues: (i) 
the binary fraction in 47 Tuc; (ii) the nature and abundance of 
CVs in GCs; (iii) the significance of systems that are unique 
even by the standard of most other exotica (such as Star 10 in 
our sample). 

5.1. The White Dwarf Binary Fraction in 47 Tuc 

We can use our results to obtain a rough estimate of the bi- 
nary fraction amongst hot, young WDs in 47 Tuc. As a start- 
ing point, we note that our FUV photometry includes 25 ob- 
jects brighter than nifuv = 19.5 and within our spectroscopic 
field of view. Figure [3] shows that, above this limit, we have 
useable spectra for all gap objects, all but one BSs and all ob- 
jects on the WD cooling sequence. Thus we use nifuv = 19.5 
as an approximate completeness limit for the discovery of WD 
binary systems in our spectroscopic sample. 

There are 5 objects without optical counterparts above this 
limit, as well as 5 objects on the WD cooling sequence for 
which we have no evidence of a companion. As a check, 
we visually inspected the vicinity of each of these 10 FUV 
sources in the deepest red optical image available. For most 
objects, this was a 600 s F814W exposure. In a few cases, 
the location of interest fell outside the F814W field of view 
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Fig. 20. — Top Row: Approximately U-band observations of Star 20 = V2 obtained with HST in July 1999 (left panel) and July 2002 (right panel). 
The difference in brightness is obvious and implies that V2 experienced a dwarf nova eruption in or near July 1999. Bottom Row: Approximately R-band 
observations of Star 20 = V2 obtained with HST in April 2002 (left panel) and March 2005 (right panel). The difference in brightness is obvious and implies that 
V2 experienced a dwarf nova eruption in or near March 2005. In all panels, north is up, east is to the left, and the field of view is approximately 1.8". 



or on an image defect, so we used a 350 s F555W exposure 
instead. ' ' No additional red counterparts were found, down 
to an estimated limit of mstmag — 21 or better. This excludes 
the existence of MS companions as bright as that in Star 7. 

Thus there are probably 10 single WDs in our bright 
(nifuv < 19.5) sub-sample. This same sub-sample also 
contains two very probable binary systems containing hot, 
young WDs (Stars 2 and 7), and one additional possible one 
(Star 15). CVs have been excluded here, because their WDs 
are probably accretion-heated, rather than young. We also ex- 
clude Star 17, partly because it is a candidate CV, and partly 
because it, too, could be a chance superposition. A rough es- 
timate of the binary fraction amongst hot WDs in the core of 
47 Tuc is then 2/13 (assuming that Star 15 is not a binary), i.e. 

= 15% i'^* (stat) (sys). The statistical error on this 
estimate is solely due to small number statistics, whereas the 
quoted systematic error shows how the maximum-likelihood 

' ' One object - Star 6 - was outside the field of view of both images, so in 
this case we inspected a shallower 60 s F814W exposure. 



estimate would change if the true number of WD binaries in 
our sample was 1 or 3, instead of 2. 

Clearly, this estimate needs to be viewed with great caution. 
Aside from the issues of small number statistics and chance 
coincidences, we cannot rule out the possibility of faint, lower 
MS companions to some of the apparently single WDs in our 
sample. On the other hand, the number of WDs (objects near 
the cooling sequence in Figure |3] as well as objects with- 
out a F336W counterpart) rises considerably more steeply to- 
wards fainter magnitudes than the numbers of gap sources and 
BSs. Since Stars 2 and 15 were found amongst the latter two 
classes, our binary candidate haul may have been unusually 
lucky. 

While the allowed range we have determined is not yet very 
constraining, it is certainly consistent with the much more ac- 
curate estimates of the binary fraction determined by Albrow 
et al. (2001) in the core of 47 Tuc. They found 13% ±6% 
based on the number of eclipsing binaries in their data, and 
14% ±4% based on the number of W UMa stars. Even though 
the estimate presented here is much less accurate, it is the first 
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Fig. 2 1 . — The FUV spectrum (top panel) and broad-band SED (bottom panel) of Star 27, along with our best-bet model fit to the data (see text for details). 
Notation is as in Figure|9] Star 27 is a massive star that is located behind 47 Tuc in the SMC 



to be derived from the WD population of a GC and demon- 
strates the potential of FUV surveys in this area. Given the 
importance of core binary fractions to cluster dynamics - and 
the present controversy surrounding the theoretical predic- 
tions (Ivanova et al. 2005; Hurley, Aarseth & Shara 2007; 
Fregeau 2007) - more accurate WD-based estimates could be 
extremely valuable. 

5.2. Cataclysmic Variables in 47 Tuc and other GCs 

Theoretical models for CV formation in GCs predict 
that a cluster like 47 Tuc should harbour ^ 200, mostly 
dynamically-formed CVs (di Stefano & Rappaport 1994; 
Ivanova et al. 2006; but also see Townsley & Bildsten 2005). 
Even though recent surveys have at last begun to uncover a 
sizeable population of CV candidates in GCs, there is still a 
clear shortfall in the observed numbers relative to these pre- 
dictions. For example, the combination of deep Chandra X- 
ray surveys and optical follow-up has so far led to the identifi- 
cation of ~ 20 probable CVs in 47 Tuc (Grindlay et al. 2001a; 
Edmonds et al. 2003ab; Heinke et al. 2005). However, it is 
still not clear if this discrepancy points to a problem with our 
understanding of CV formation and/or evolution, or if it is 
simply due to observational incompleteness (see Heinke et al. 
2005, Ivanova et al. 2006 and Maccarone & Knigge 2007 for 
discussions of this point). 

The present results are relevant to this issue for several rea- 



sons. First, the discovery of emission lines in three previ- 
ously suggested CV candidates in our spectroscopic sample 
(Star 1 = AKO 9; Star 3 = VI; Star 20 = V2) confirms that 
combined X-ray-, colour- and variability-based searches are, 
in fact, finding genuine CVs. This is rather important, since 
only seven other CVs have so far been spectroscopically con- 
firmed in all Galactic GCs combined. The only good CV 
candidate that was not confirmed spectroscopically is Star 10 
= PC1-V36. This object was highlighted as a possible CV in 
Paper I, based on its FUV brightness, variability and possible 
match to an X-ray <source.'-' As discussed in Section lTT] we 
now find that Star 10 is an even more exotic system. 

Second, we have detected the secondary stars in two of our 
CVs. In Star 1 = AKO 9, the donor is a subgiant, whereas in 
Star 20 = V2, it is a lower-MS star Moreover, our SED fit 
to Star 3 = VI constrains the secondary in this systems to be 

'2 These are CVs 1-4 in NGC 6397 (Grindlay et al. 1995; Edmonds et 
al. 1999), VlOl in M5 (Margon, Downes & Gunn 1981; Naylor et al. 1989; 
Shara, Moffat & Potter 1990); Nova 1938 in M4 (Shara, Moffat & Potter 
1990); and Star 1 in NGC 6624 (Deutsch et al. 1999). Note that the spectro- 
scopically confirmed dwarf nova V4 in the field of M30 (Margon & Downes 
1983; Shara, Moffat & Potter 1990) is probably a foreground object (Machin 
etal. 1991). 

The status of Star 10=PC1-V36 as an X-ray emitter remains uncertain: 
see the "note added" in Paper I, as well as Edmonds et al. (2003ab) and 
Heinke et al. (2005). 
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Fig. 22. — The FUV spectrum (top panel) and broad-band SED (bottom panel) of Star 20, along with two model fits to the data (see text for details). Notation 
is as in Figure|9] Star 999 is a blue straggler 



a lower-MS star also. In principle, the distribution of donor 
properties in the CV population is a strong constraint on the- 
oretical models. For example, di Stefano & Rappaport (1994) 
predict quite a sizeable population of bright, long -period CVs 
with evolved donors (like AKO 9) in 47 Tuc, whereas such 
systems are relatively rare in the simulations of Ivanova et al. 
(2006). As the number of known GC CVs grows, the distribu- 
tions of orbital period and donor spectral type will become a 
powerful way to test models of CV formation and evolution. 

Third, we estimated in Paper I that ~ 15 CVs should be con- 
tained in our FUV imaging survey, based on the predictions 
by di Stefano & Rappaport (1994). Thus theory and observa- 
tion would agree perfectly if essentially all gap objects in Fig- 
ure[3]were CVs. Even though our spectroscopic sample com- 
prises only half (8/16) of the photometrically identified gap 
objects, it is clear that this scenario is too optimistic. More 
specifically, even if we include the marginal detection of line 
emission in Star 17, only half (4/8) of the gap objects in the 
spectroscopic sample are confirmed as CVs. Is it possible that 
some or all of the other four gap objects in the spectroscopic 
sample are nevertheless CVs that we have caught in a state of 
weak or absent line emission? We believe this is extremely 
unlikely. The spectroscopic/SED classifications for three of 
these gap objects convincingly show that they are not CVs: 
Star 4 is a He WD, Star 10 is a different kind of exotic binary 



containing a stripped subgiant; Star 27 is an SMC interloper 
This leaves Star 15 as the only other viable candidate. How- 
ever, the possibility that it is really a CV seems remote, given 
the lack of X-ray emission and FUV variability (Paper I), as 
well as the possibility that the match between FUV and opti- 
cal sources could be a chance coincidence (Section l4~8] ). 

Overall then, our results suggest that CVs comprise no more 
than ^ 50% of the population in the gap, at least among the 
brighter objects. Nevertheless, taken at face value, this im- 
plies that predicted and observed numbers differ by "only" a 
factor of about two or three. However, this conclusion is not 
yet completely robust, both due to the small number statistics 
involved, and because different theoretical models predict dif- 
ferent CV luminosity functions and hence different numbers 
of observable systems (di Stefano & Rappaport 1994; Ivanova 
et al. 2006). 

5.3. The More Exotic, the Better... 

We finally want to briefly highlight what are arguably the 
three most exotic objects we have uncovered. These are Star 2 
(a BS-WD binary). Star 4 (a He WD) and Star 10 = PC1-V36 
(a binary containing a dark primary and stripped subgiant sec- 
ondary). We have already outlined possible formation scenar- 
ios for these systems in Sections [4.21 14.41 and l4.7l so we will 
not repeat these here. Instead, we just note that our FUV sur- 
vey has turned out to be an efficient way of finding and classi- 
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fying such remarkable systems. The gap between the WD and 
main sequences in the FU V-optical CMD seems to be a partic- 
ularly fertile hunting ground in this respect: both Stars 4 and 
10 are found amongst only 8 gap sources in our spectroscopic 
sample. 

Aside from being intrinsically interesting, the most extreme 
objects in GCs are important precisely because they are prob- 
ably quite hard to form. Star 10 may be a good example of 
this. The very existence of such a system may point to a sin- 
gle, specific formation mechanism. This contrasts with the 
relatively more common types of stellar exotica, for which 
there is usually more than one formation channel (for an ex- 
ample in the CV context, see Figure 7 in Ivanova et al. 2006). 
Thus a single unique object can be the smoking gun that es- 
tablishes the importance of a particular dynamical process in 
GCs. 

6. SUMMARY & CONCLUSIONS 

We have presented and analysed FUV spectroscopy for 48 
blue objects in the core of 47 Tucanae. For the 12 most in- 
teresting and representative cases, we have also assembled 
broad-band, FUV-NIR spectral energy distributions in order 
to determine their nature. Our main results are as follows: 

1. We have spectroscopically confirmed three previously 
known or suspected CVs in the cluster core ( V 1 , V2 and 
AKO 9). For two of these (V2 and AKO 9), we have 
also found photometric evidence of dwarf nova erup- 
tions in addition to those that were previously known. 

2. Only one other source - Star 17, a "gap object" located 
between the WD and main sequences in the CMD - ex- 
hibits marginal evidence for line emission in its spec- 
trum. Thus the gap region is not exclusively populated 
by CVs, nor are these systems common amongst ob- 
jects near the top of the WD cooling sequence. Never- 
theless, predicted and observed numbers of CVs agree 
to within a factor of about 2-3. 

3. We have discovered a hot (r,// ~ 8700 K), large (R ~ 
0.6 Rq), but very low-mass (M ~ 0.06 Mq) secondary 
star in a previously known 0.8 d binary system. This 
exotic object. Star 10, fills or nearly fills its Roche-lobe 
and completely dominates the binary's FUV-NIR out- 
put. We suggest that this star is the remains of a sub- 
giant that has been almost completely stripped of its 
envelope. This stripping could have occurred as a re- 
sult of mass transfer in the binary system, or during the 
dynamical interaction that actually formed the system. 
Since the stripped secondary must be in a short-lived 
evolutionary state, this object may represent the "smok- 
ing gun" of a recent dynamical encounter 

4. We have also found a Helium WD in 47 Tuc (Star 4). 
This is only the second optically detected such object 
in this cluster, and the first outside an MSP system. The 
He WD could have been formed in a primordial binary, 
or in a binary system formed in an exchange encounter 
involving a massive NS or WD. No sign of a companion 
is seen in our data. 

5. We have discovered a bright BS with a young WD com- 
panion (Star 2). This is the only BS-WD binary known 
in any GC. However, the apparent rarity of such objects 



might be a selection effect. Since BS are much brighter 
than WDs at optical wavelengths, such binaries have 
been hard to find until now. In our FUV spectrum, the 
existence of a hot WD companion to the BS can be in- 
ferred from a strong FUV excess at the shortest wave- 
lengths. 

6. In addition to the objects already discussed, we have 
found two more candidate WD binary systems. In one 
of these (Star 15), the apparent companion is a MS star, 
but this composite object may well be the product of a 
chance coincidence. However, the other system (Star 7) 
is Ukely to be a genuine binary, and the companion in 
this case is a sub-giant. 

7. We have used the number of WD binary systems we 
have found to place a crude constraint on the WD bi- 
nary fraction in the core of 47 Tuc. We find fbm = 
15% ;^g™ Stat sys. Much stronger constraints can 
in principle be obtained from larger WD samples con- 
structed from FUV surveys. 

8. An SED fit to the optically brightest BS in our spectro- 
scopic sample suggests that the mass of this star may 
exceed twice the turn-off mass. However, the uncer- 
tainties on the mass estimate are too large for this to be 
conclusive. There is still no definitive example of such 
a "supermassive" BS in any GC. 

Overall, we feel that the present study is an excellent illus- 
tration of the wide range of stellar exotica that are lurking in 
the cores of GCs. In particular, the gap region of the CMD 
seems to harbour quite a variety of weird and wonderful ob- 
jects. Most of these systems will have undergone significant 
dynamical encounters or perhaps have even been formed in 
one. All of this reenforces the motivation for studying these 
systems. 

We also hope to have shown that FUV surveys - and par- 
ticularly multi-object slitless FUV specroscopy - provide an 
excellent and efficient way of achieving this goal. The power 
of this approach is greatest, however, when it is used in combi- 
nation with data spanning the widest possible range in wave- 
length (e.g. the FUV-NIR range). With such panchromatic 
data sets, we can determine the nature of most of the exotic 
stellar systems that are hiding in GC cores. 
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TABLE 1 

Basic data on all FUV sources with useful spectra. Objects listed in bold at the top of the table are analyzed in detail in 

Section[4] 



ID 


RA 


Dec 


rriFuv 




CMD 


Sep 


Var? 


PM? 


Other Names 


Spec/SED Class 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(V) 


(8) 


(9) 


(10) 


(11) 


1 


00:24:04.915 


-72:04:55.40 


15.62 


17.99 


Gap 


0.95 


Yes 




AKO 9, W36, PC1-V11,M055581 


CV (WD-SG) 


2 


00:24:06.541 


-72:05:03.20 


17.37 


15.72 


BS 


0.74 


Yes 




M048212 


Binary (BS-WD) 


3 


00:24:04.248 


-72:04:57.99 


17.53 


19.11 


Gap 


1.05 


Yes 




VI, X9, W42, PC1-V47, M053129 


CV (WD-MS) 


4 


00:24:06.353 


-72:04:49.17 


17.70 


19.96 


Gap 


1.00 


No 




M061563 


He WD 


5 


00:24:05.557 


-72:05:02.15 


18.03 


20.92 


WD 


1.01 


No 




M049123 


WD 


7 


00:24:05.794 


-72:04:57.13 


18.26 


20.85 


WD 


1.07 


No 






Binary (WD-MS) 


10 


00:24:06.489 


-72:04:52.27 


18.35 


18.07 


Gap 


0.59 


No 


Yes 


W75?, PC1-V36, DM-3, M058539 


Binary (??-Stripped SG) 


15 


00:24:06.563 


-72:05:04.38 


18.63 


18.03 


Gap 


1.29 


No 




M047149 


Binary? (WD-SG)*^ 


17 


00:24:06.390 


-72:05:07.37 


18.77 


18.61 


Gap 


1.20 


No 




1t Mf\ AAA 

M044437 


Binary.' (WD-SG) ; CV? 


20 


00:24:05.992 


-72:04:56.11 


18.99 


19.94 


Gap 


1.07 


Yes 




\2, X19, W30, PV1-V53, M054898 


CV (WD-MS) 


27 


00:24:06.850 


-72:04:53.35 


19.41 


20.66 


Gap 


0.75 


No 




M057483 


CAT/"' ¥ t_ .1 . 

SMC Interloper 


999 


00:24:04.009 


-72:04:51.24 


17.61 


15.72 


BS 








M059651 


BS 


6 
8 


00:24:08.459 
00:24:04.912 


-72:04:50.58 
-72:04:51.67 


18.15 
18.27 




NoOpt 
NoOpt 




No 
No 








9 


00:24:07.443 


-72:05:07.43 


18.33 


21.10 


WD 


1.43 


No 








12 


UU:24:U7.yiy 


-72:04:52. yy 


18.41 


15.87 


BS 


0.48 


Yes 


Yes 


M05 /848 




13 


00:24:04.890 


AC AO /' 1 

-72:05:03.61 


18.46 


21.36 


WD 


1.24 


No 








14 


00:24:05.554 


-72:04:53.94 


18.51 


16.15 


BS 


0.44 


No 


Yes 


DM-9, M056964 




16 


00:24:06.511 


-72:04:50.28 


18.76 


16.34 


BS 


0.43 


Yes 


Yes 


M060466'' 




18 


00:24:05.266 


-72:04:59.02 


18.99 


21.74 


WD 


1.00 


No 








23 


00:24:06.398 


-72:04:53.92 


19.10 


16.26 


BS 


1.34 


No 


Yes 


DM-5,M056966'' 




24 


00:24:06.122 


-72:04:51.84 


19.14 




NoOpt 




No 








25 


00:24:08.023 


-72:05:06.30 


19.18 




NoOpt 




No 








26 


00:24:07.456 


-72:04:57.08 


19.25 




NoOpt 




No 








29 


00:24:07.933 


-72:04:57.06 


19.48 


22.14 


WD 


1.18 


No 




M053994 




30 


00:24:07.024 


-72:04:49.13 


19.51 


21.93 


WD 


0.63 


No 








31 


00:24:04.246 


-72:04:51.39 


19.58 


22.29 


WD 


0.75 


No 








32 


00:24:03.646 


-72:05:04.15 


19.59 




NoOpt 




No 








33 


00:24:05.986 


-72:04:58.37 


19.62 




NoOpt 




No 








36 


00:24:04.171 


-72:05:02.45 


19.71 




NoOpt 




No 








37 


00:24:05.234 


-72:05:02.06 


19.72 




NoOpt 




No 








38 


00:24:07.375 


-72:04:51.13 


19.77 


22.33 


WD 


0.82 


No 








42 


00:24:05.982 


-72:04:55.34 


19.99 




NoOpt 




No 








46 


00:24:07.228 


-72:05:01.21 


20.16 




NoOpt 




No 








47 


00:24:04.623 


-72:04:47.95 


20.20 




NoOpt 




No 








49 


00:24:06.085 


-72:05:06.72 


20.27 




NoOpt 




No 








52 


00:24:05.964 


-72:04:48.94 


20.40 


16.73 


BS 


0.52 


No 


Yes 


M061787" 




54 


00:24:05.736 


-72:04:53.31 


20.47 


16.80 


BS 


0.27 


No 


Yes 


M057553 




59 


00:24:07.383 


-72:05:05.76 


20.55 




NoOpt 




No 








66 


00:24:04.299 


-72:05:05.01 


20.68 




NoOpt 




No 








67 


00:24:04.096 


-72:04:51.27 


20.69 




NoOpt 




No 








73 


00:24:08.222 


-72:04:52.19 


20.86 




NoOpt 




No 








78 


00:24:04.374 


-72:04:58.26 


20.99 




NoOpt 




No 








79 


00:24:08.240 


-72:04:53.58 


21.00 




NoOpt 




No 








81 


00:24:06.308 


-72:05:05.27 


21.05 




NoOpt 




No 








82 


00:24:06.800 


-72:05:00.12 


21.06 




NoOpt 




No 








84 


00:24:07.678 


-72:04:55.88 


21.09 




NoOpt 




No 








85 


00:24:06.341 


-72:04:51.16 


21.17 




NoOpt 




No 









Note. — Column definitions; 

(1) Spectrosopic identification number; c.f. FigurJTI 

(2) Right ascension (J2000); boresight corrected to match positions in Heinke et al. (2005). 

(3) Declination (J2000); boresight corrected to match positions in Heinke et al. (2005). 

(4) STIS/FUV-MAMA/F25QTZ magnitude (STMAG system). 

(5) WFPC2/PC/F336W magnitude (STM AG sy stem). 

(6) CMD-based classification; see Section lzSb nd Fiauref3l 

(7) Offset between FUV and F336W position in STIS/FUV-MAMA pixels (1 pix :^ 0.025"). 

(8) Variable in FUV photometry? (See Paper I for details.) 

(9) Proper motion consistent with cluster membership? (Only if available in McLaughlin el ill. [2006].) 

(10) Alternative names are taken from the following catalogues; 

AKO n = Star n in Auriere, Koch-Miramond & Ortolani (1989); 

Vn = Variable star n as defined by Paresce, De Marchi & Ferraro (1992) and Paresce & De Minchi( 1994) 
Wn = Star n in Grindlay et al. (2001a) and Heinke et al. (2005); 
PCl-Vn = Variable star n on the PCI chip in Albrow ei al. (2001); 
Mn = Star n in the master catalogue of McLaughlin et al. (2006); 
DM-n = Star 104-n in De Marco et al. (2005). 

(11) Final classification based on FUV spectrum and FUV-NIR SED (Section|4l. Notation as in texl, except G=siibgiaiii. 
The master image of McLaughlin et al. (2006) is saturated and/or confused in the vicinity of this object. 

^ This object has a near neighbour that was not detected in McLaughlin et al. (2006). 

The binary status of this system is not certain due to the possibility of a chance superposition. 



